Prostate cancer stem-like cells (PCSCs) are not only enriched in the CD44 + PSA −/lo subpopulation but also employ androgen-independent signaling mechanisms for survival. CD44 + PCSCs defy androgen deprivation, resist chemo-and radiotherapy and are highly tumorigenic. Human prostate tissue microarray (TMA) staining revealed an increased membranous staining of CD44 in the luminal compartment in higher grade G7-G9 tumors versus staining of the basal layer in benign hyperplasia. To uncover tyrosine kinase/s critical for the survival of the CD44 + PSA −/lo subpopulation, we performed an unbiased screen targeting 87 tyrosine kinases with gene specific siRNAs. Among a subset of tyrosine kinases crucial for PCSC survival, was a non-receptor tyrosine kinase, ACK1/TNK2, a critical regulator of castration resistant prostate cancer (CRPC) growth. Consistently, activated ACK1 as measured by phosphorylation at Tyr284 was significant in the CD44 + PSA −/lo population. Conversely, pharmacological inhibition by ACK1 inhibitor, (R)-9bMS mitigated CD44 + PSA −/lo sphere formation, overcame resistance to radiation-induced cell death, induced significant apoptosis in PCSCs and inhibited CD44 + PSA −/lo xenograft tumor growth in castrated mice suggesting dependency of PCSCs on ACK1 for survival. Thus, blockade of ACK1/TNK2 could be a new therapeutic modality to target recalcitrant PCSCs.
a mixed population of AR positive and AR low or negative cells in castration resistant tumors 9, [14] [15] [16] , suggesting that this CD44 + PSA −/lo subpopulation employs androgen-independent signaling mechanisms for survival 17, 18 . Interestingly, these PCSCs (CD44 + PSA −/lo population) not only possess a significant capacity to reinitiate serially transplantable tumors in mice, but also often overcome ADT and chemotherapy 14 .
One mechanism that has been suggested for cancer recurrence or relapse is the activation of growth factor stimulated non-receptor tyrosine kinase (TK) regulated signaling pathways that can bypass androgen requirements of PC cells 3, 19 . ACK1 has been shown to be critical for progression of PC to hormone therapy insensitive stage called castration resistant prostate cancer or CRPC due to it's ability to regulate the expression and function of AR in androgen-independent manner 8, [20] [21] [22] [23] [24] [25] . However, whether ACK1 has role in PCSC survival is not known. In this study, we report identification of ACK1 as a critical regulator of PCSC survival.
Results and Discussion
Alteration in CD44 expression during prostate tumor progression. Albeit rare, PCSCs are reported to be present in a number of PC cell lines and primary prostate tumors 9, 14 . To evaluate the expression of CD44 during progression of the disease we performed tumor microarray analysis (TMA) of human prostate biopsies representing various grades of the disease. Immunohistochemical (IHC) staining of the TMA revealed variable membranous staining of CD44. An increased membranous staining of CD44 was observed in the luminal compartment in higher Gleason grade G7-G9 tumors versus staining of the basal layer in benign prostatic hyperplasia (BPH) (Fig. 1a ). The expression of CD44 in BPH was observed to be significantly lower than prostatic intraepithelial neoplasia (PIN), G6, and G7/8/9/10. Intriguingly, the expression of CD44 was also significantly lower Box plots to summarize distributions of CD44 staining intensities in different grades of prostate cancer. The box has lines at the lower quartile (25%), median (50%), and upper quartile values (75%), whereas the blue circle marks the mean value. Whiskers extend from each end of the box to the most extreme values within 1.5 times the interquartile range from the ends of the box. The data with values beyond the ends of the whiskers, displayed with red crosses, are potential outliers.
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Screening of the human tyrosine kinome to identify druggable targets essential for PCSC survival.
We enriched CD44 + population from the androgen dependent LNCaP PC cell line by staining with anti-CD44-PE antibodies followed by fluorescence activated cell sorting (FACS) (Supplementary Figure S1a ). We also examined the expression of PSA in the CD44-enriched population. Compared to the parental population, the PSA expression was significantly reduced in the CD44 + population (Supplementary Figure S1b) . To determine whether tyrosine kinases regulate PCSC survival, an unbiased screen was designed wherein CD44 + PSA −/ lo PCSCs isolated from LNCaP cells were transfected with siRNA library consisting of 3 sets of siRNA for each of the 85 distinct receptor and non-receptor tyrosine kinases (Supplementary Figure S1c ). After 48 hours, cells were harvested in culture media, stained with CD44-PE monoclonal antibody and DAPI stain to distinguish live/dead population and live cells were analyzed by flow cytometry. Depletion of ACK1/TNK2, TNK1, TYK2, YES1 and ALK kinases caused the most decrease in the number of CD44 + cells, compared to scrambled siRNA. Importantly, silencing of ACK1/TNK2 caused the most reduction in the number of live CD44 + PSA −/lo cells ( Fig. 2 , Supplementary Table S2 ).
Bioinformatics analysis was performed to assess whether the top five 'hits' are altered in human prostate cancers (cBioPortal Database). It revealed that the 5 kinase gene set (ACK1, TNK1, TYK2, YES1 and ALK) expression is altered in 39 of the 85 (45.9%) queried samples. Interestingly, these constituted 5 distinct nodal points in STRING network analysis ( Supplementary Figure 2a ). ACK1 and TYK2 gene expression was modulated in 29% of prostate cancers 26 (Supplementary Figure 2b) . Moreover, ACK1 exhibited significant tendency towards co-occurrence with TYK2 (p < 0.001; Log Odds Ratio 2.113). In contrast, other kinases (TNK1, YES1 and ALK) exhibited a low tendency towards co-occurrence or tendency towards mutual exclusivity (Supplementary Figure 2c ). Taken together these data underscore an important role for ACK1 in PCSC survival.
Sphere formation and radio-resistance of CD44 + PSA −/lo PCSCs can be mitigated by ACK1 inhibition.
To confirm ACK1 regulates the survival of the PCSCs, CD44 + PSA −/lo were first enriched from VCaP cells by staining with anti-CD44 antibodies, followed by FACS analysis. 86% of the VCaP cells were positive for this stem cell marker after FACS analysis ( Fig. 3a ). Quantitative profiling revealed low PSA levels in the enriched CD44 + population compared to parental cells (Fig. 3b ). Subsequently, protein extracts were prepared from WT and CD44 + PSA −/lo cells and immunoblotting was performed. Phosphorylation of ACK1 at Tyr284 site was detected in both WT and sorted PCSC CD44 + populations suggesting a requirement for ACK1 function in both cell types ( Fig. 3c ).
CSCs form spheroids characteristic of undifferentiated cells on non-adherent surface. To assess the effect of ACK1 inhibition on sphere formation, CD44 + PSA −/lo PCSCs from VCaP cells were grown for 2-3 days as single cells on matrigel coated plates. Subsequently, cells were treated with 5 uM of ACK1-specific small molecule inhibitor, (R)-9b 25, 27 . As a control, cells were also treated with SRC inhibitor (Sarcatinib), WEE1 inhibitor (AZD-1775, also known as MK-1775) and sphere formation was determined 2 weeks later. Both, ACK1 and WEE1 inhibitors suppressed sphere formation. In contrast, robust sphere formation was detected in PCSC cells treated with SRC inhibitor, suggesting ACK1 as a critical survival kinase in PCSCs ( Fig. 3d ).
As a further confirmation of the requirement of ACK1 in PCSC survival, the PCSCs (CD44 + PSA −/lo population) were treated with (R)-9b, Sarcatinib or the EGFR inhibitor, Iressa. 24 hours later the percentage of live cells (DAPI negative) were determined by flow cytometry. PCSCs were observed to be highly refractory to Sarcatinib and Iressa treatments and exhibited 88% and 70% live cells, respectively, compared to (R)9b which exhibited 11% of live cells ( Fig. 3e ). To further confirm this observation, we performed caspase cell death assay and observed that PCSCs were extremely sensitive to the ACK1 inhibitor (R)-9b; only 2.68% PCSCs survived the (R)-9b treatment, in agreement with the detection of activated ACK1 in this population ( Fig. 3f ).
CD44 enriched PCSC cells are dependent on ACK1 for formation of xenograft tumors.
To determine that (R)-9b mediated inhibition of proliferation of CD44 + PSA −/lo cells isolated from VCaP cells is not due to the 'off target' effect, we ablated ACK1 using siRNAs, followed by cell proliferation and sphere formation assay. ACK1 knockdown resulted in a significant inhibition of proliferation of CD44 + PSA −/lo cells, which was also reflected in compromised sphere formation ( Fig. 4a and b ).
Our recent studies reveal that (R)-9bMS is a potent inhibitor of CRPC growth 25 . To examine the tumor forming proficiency of the PCSCs, we isolated CD44 + cells from VCaP. VCaP cells are androgen dependent and form xenograft tumors in intact mice. However, if mice are castrated following initial tumor establishment, the tumor growth is not impaired 28 . In brief, SCID mice were injected with CD44 + PSA −/lo VCaP cells and once mice formed palpable tumors in (about 5-6 weeks), these mice were injected with (R)-9bMS (25 mg/Kg of body weight) or DMSO (Vehicle) as a control. Mice were injected twice a week for 4 weeks and xenograft tumors were measured. In contrast to the vehicle treated mice, (R)-9bMS injected mice exhibited significant suppression of xenograft tumor growth ( Fig. 4c and d) .
The mice were humanely euthanized at the end of the experiment and tumors were excised and weighed. The weights of the tumors reveal that (R)-9bMS treatment significantly inhibited xenograft tumor growth ( Fig. 4d ). The tumors in mice that were injected with that (R)-9bMS were very pale in color, very likely to be due to significant loss of neo-angiogenesis upon ACK1 inhibition (Fig. 4e ). Targeting CD44+ PCSCs with ACK1 inhibitors. We observed that LNCaP-caACK, displayed higher levels of CD44 expression (~16% compared <1%) compared to the parental LNCaP cells (Fig. 5a ). To examine the tumor forming proficiency of the two populations, castrated male nude mice (n = 6) were injected with LNCaP-caACK cells 20 . Once mice formed palpable tumors (about 4 weeks), these immunocompromised mice were injected with the first generation, ACK1 small molecule inhibitor, AIM-100 21,23 (25 mg/kg of body weight), Sarcatinib (25 mg/kg of body weight) or DMSO (Vehicle) as a control. Mice were injected twice a week for 3 weeks and xenograft tumor growth was measured. LNCaP-caACK formed robust xenograft tumors and reached 1000 mm 3 in 3 weeks in the vehicle treated group. In contrast, a significant suppression of xenograft tumor growth was seen in ACK1 inhibitor injected mice (Fig. 5b) . However, treatment with the SRC inhibitor, Sarcatinib, did not mitigate tumor growth in a majority of the mice (Fig. 5b) . The mice were humanely euthanized at the end of the protocol, tumors were excised and weighed. The weights of the tumors revealed that ACK1 inhibitor treatment completely inhibited xenograft tumor growth, while Sarcatinib had no effect on majority of the tumors consistent with the tumor volumes ( Fig. 5c ). As a negative control, we injected parental LNCaP cells in castrated male nude mice to measure their tumor forming proficiency. LNCaPs are androgen-dependent cells and expectedly these cells did not form appreciable tumors in the castrated male nude mice ( Fig. 5d and e ).
Enhanced radiosensitization of
Identification of prostate cancer cells with stem like properties-i.e. self-renewal, in vivo tumorigenecity, with an ability to recapitulate tumor heterogeneity and resistance to standard therapies has been a challenge. Previous studies have revealed that human xenograft derived CD44 + populations are highly enriched in tumorigenic and metastatic progenitor cells and CD44 is a key regulator of the stem like properties 15, 29 . A subset of these CD44 + express low levels of prostate specific antigen PSA (PSA −/lo PC) and are resistant to castration 9 . We have identified a CD44 + PSA −/lo PC subpopulation (PCSCs) in some of the well characterized PC cell lines (LNCaP, VCaP, LAPC4) that possess many stem-like characteristics. These data allowed us to assess whether non-receptor tyrosine kinases (NRTKs), regulators of androgen-independent AR activity 20,25 , have a role in PCSC survival. A pathogenic role for NRTKs such as ACK1/TNK2 and SRC is particularly evident as both of these kinases can directly interact with the AR, to regulate ligand independent AR transcriptional activity and to promote prostate tumorigenesis 20, 30, 31 . These molecular mechanisms have been used as an underlying rationale for the use of SRC inhibitors in the treatment of prostate cancer 3, 32 . Although highly sensitive to ACK1 inhibition, interestingly, our studies reveal that PCSCs are refractory to genetic and pharmacological blockade of SRC (Figs 2 and 3d) . Consistently, Sarcatinib accelerated prostate tumor growth in LNCaP-caAck animal models of hormone refractory cancer (Fig. 5) . These studies are highly significant and clinically relevant to understand the emergence of drug resistance; addition of Dasatinib to Docetaxel, a cytotoxic chemotherapy drug targeting microtubules, did not improve the overall survival in Phase 3 trials for chemotherapy-naive men with metastatic CRPC 33 . Further, in a phase 2 trial, toxicity was high in patients treated with Dasatinib (70 mg/kg twice daily) after chemotherapy and tolerability was poor with limited activity in CRPCs 3, 34 . Similarly Sarcatinib was clinically ineffective as a monotherapy 35 . Recently, our studies of LAPC4 cells that were deprived of androgen for 10 days revealed a significant increase in ACK1 levels 25 . Activated ACK1 (pY284-ACK1) expression was readily detected in the CD44 + PSA −/lo PCSC population (Fig. 3c ). Taken together, these data may explain why SRC inhibitors have not been successful in clinical setting-as it may have failed to eliminate the tumorigenic and recalcitrant CD44 + PSA −/ lo PCSC population that appear to rely on ACK1 for survival.
Our data reveals ACK1 as a critical tyrosine kinase regulating survival of the CD44 + PSA −/lo PCSCs. Our earlier studies demonstrated that Activated ACK1 expression correlates with prostate cancer progression to castration resistance 20 , which includes CRPC patients treated with radiotherapy 23 . We observed that ACK1 is an excellent therapeutic target to inhibit resurgence of the chemo-resistant population. Indeed, treatment with ACK1 small molecule inhibitors induced apoptosis of the CD44 + PSA −/lo and mitigated tumor formation in castrated mice, consistent with its role as a therapeutic target. Overall, our studies reveal ACK1/TNK2 as a new therapeutic vulnerability in PCSCs.
Methods
Cell lines, Antibodies and Inhibitors. VCaP and LNCAP cell lines were obtained from ATCC. LNCaP-CaAck cells were developed, as described earlier 36 . ACK1 monoclonal Ab (A11), actin, phosphotyrosine and AR monoclonal antibodies were purchased from Santacruz; Anti-phospho-ACK1 (Tyr284, Upstate) were purchased from Cell Signaling. Anti-CD44-PE antibodies were purchased from BD Biosciences. (R)-9bMS and AIM-100 were synthesized at Moffitt Cancer Center as described earlier 27 . Control and ACK1 siRNAs were generated by custom synthesis (Qiagen) and the sequences have been described previously 20 . For immunoprecipitations, cells were lysed in receptor lysis buffer (RLB) containing 25 mmol/L Tris (pH 7.5), 500 mmol/L NaCl, 1% Triton X-100, 10% glycerol, phosphatase inhibitors (10 mmol/L NaF, 1 mmol/L Na 2 VO 4 ), and protease inhibitor mix (Roche).
Screen of the Tyrosine kinome with silencing RNAs.
Predesigned kinase-specific siRNA library was obtained from Bioneer (Cat#SHS-0110-7). Cells were transfected with siRNA library consisting of 3 sets of siRNA for each of the 85 distinct receptor and non-receptor tyrosine kinases. In brief, siRNAs were transfected using X-tremeGENE siRNA transfection reagent (Roche; Cat.No.04476093001) in 6 well plates. The day before transfection, 3.0 × 10 5 CD44 + PSA −/lo cells were plated in each well with 2.5 ml media to reach 50-60% confluency at the time of transfection. The growth medium was removed from the 6-well plate before transfection. This was followed by the addition of 900 μl fresh growth medium in each well. For each well to be transfected, the siRNA duplexes were prepared. The siRNA duplex were diluted in 100 μl growth medium without serum. This solution was incubated for 15 minutes at room temperature. The mixture was added to each well containing CD44 + PSA −/ lo cells, which resulted in 1 ml as total volume. The cells were incubated for 48 hours at 37 °C in a CO 2 incubator.
Tissue Microarray (TMA) analysis of human prostate cancers. The human prostate TMA in this study was developed after obtaining exemption from IRB approval from University of South Florida (USF), Division of Research Integrity and Compliance. We used the prostate TMA for our study for which we are exempt from IRB approval (once again written exemption) for this study, as no personal information about patients is sought. All experiments and methods were performed according to the relevant guidelines and regulations of the IRB, University of South Florida (USF).
For assessment of CD44 expression levels in human prostate cancer, immunohistochemistry was carried out on high-density TMAs (n = 250 cores) containing biopsies from different grades of the disease as described previously 21, 23, 37 . For statistical assessment of CD44 expression in prostate cancer, box plots were used to summarize the intensity of sampling distribution among different grades. The Mantel-Haenszel Chi-square test was used to access the relationship between CD44 levels and grades of prostate cancer. The progression from benign prostatic hyperplasia to PINs, G6, G7, G8-10, and CRPC were used for the correlation analysis. Analysis of variance (ANOVA) was performed to examine whether the CD44 expression levels differ among different grades of disease. The Tukey-Kramer method was further performed to detect changes in CD44 expression levels between pairs of progression steps. This post hoc procedure adjusts for pairwise comparisons and simultaneous inference.
Mice Xenograft Studies. Mice breeding and colony maintenance was performed according to Institutional
Animal Care and Use Committee protocols approved by University of South Florida, Division of Research Integrity and Compliance. 1 × 10 6 LNCaP-caAck or LNCaP cells were suspended in 100 μl of PBS and 100 μl of Matrigel (Discovery Labware, Bedford, MA) and injected subcutaneously into the flanks of male nude castrated mice. After about 4 weeks when mice formed palpable tumors of ~150 mm 3 , the mice were randomly divided into 3 different groups. Mice were injected with AIM-100 (25 mg/kg of body weight per injection), or Sarcatinib (25 mg/kg of body weight per injection) or DMSO (n = 6 mice for each treatment). Mice were injected twice a week for 3 weeks and xenograft tumor growth was measured twice weekly using calipers. The mice were humanely euthanized at the end of the experiment and tumors were excised and weighed.
CD44 enriched VCaP (1 × 10 6 ) cells/ml were suspended in 100 μl of PBS and 100 μl of matrigel (Discovery Labware, Bedford, MA) and injected subcutaneously into the flanks of male SCID mice. After mice formed palpable tumors ~150 mm 3 , the mice were castrated and randomly divided into 2 different groups. Two weeks later, mice were injected with (R)-9bMS (25 mg/kg of body weight per injection) or DMSO (n = 5 /group). Mice were injected twice a week for 4 weeks and xenograft tumor growth was measured twice weekly using calipers. The mice were humanely euthanized at the end of the experiment and tumors were excised and weighed.
Flow Cytometry analysis and enrichment of CD44 positive prostate cancer cells. 5 × 10 5 prostate cancer cells were aliquoted into assay tubes. 2-3 ml of incubation buffer (0.5% BSA in 1X phosphate buffered saline) was added to each tube and rinsed by centrifugation. The cells were resuspended in 90 ul of incubation buffer per assay tube and blocked in this buffer for 10 minutes at room temperature. 10 ul of CD44-PE conjugated antibody was added to the assay tubes and incubated for 30-60 minutes in the dark at room temperature. Excess Scientific RepoRts | (2018) 8:1954 | DOI:10.1038/s41598-018-20172-z unbound antibody was rinsed off by washing with the incubation buffer followed by centrifugation. The cells were resuspended in 0.5 ml PBS and acquired on FACS canto and analyzed by the FlowJo software. For purification and collection of the CD44 population cell sorting was performed on the Becton Dickinson FACSVantage Cell Sorter.
